In this paper, we investigate cooperative visible light communication (VLC) system where an intermediate light source acts as a relay terminal. We assume that relay terminal operates in full-duplex mode. In contrast to radio frequency counterparts, full-duplex VLC terminal is relatively easier to implement due to directive propagation characteristic of light. We first model VLC relay terminal taking into account loop interference channel based on ray tracing simulations. Then, we investigate error rate performance of the relay-assisted VLC system. Our performance evaluations demonstrate the superiority of full-duplex relaying over half-duplex counterpart especially for high modulation sizes.
Introduction
Visible light communication (VLC), also known as LiFi, refers to the dual use of light emitting diodes (LEDs) for both illumination and communication purposes. LEDs can be modulated at very high speeds that are not noticeable to human eye. This lets the use of LEDs as ubiquitous wireless access points. As a powerful alternative and/or complementary radio-frequency (RF) solutions, VLC has been receiving a growing attention from academic and industrial circles [1] , [2] .
In some indoor environments, there exist multiple luminaries. In addition to ceiling ambient lights, there can be secondary light sources such as desk or floor lights used for task lighting purposes. This motivates the deployment of such secondary light sources as relaying terminals to boost the link reliability and/or extend coverage [3] - [5] . Similarly, ceiling lights can act as relay terminals for each other in a multi-hop fashion. Either half-duplex (HD) or full-duplex (FD) relaying can be employed. In the context of RF communication, HD relaying is typically preferred. This necessitates from the fact that transmit and receive power levels differ from each other by orders of magnitude. In an FD RF relay terminal, the strong locally transmitted signal will couple the receiver and hence overwhelm the far weaker received signal. The coupling signal is often referred to as loop interference [6] . In contrary to RF, FD relaying is relatively easier to implement in VLC systems since loop interference is expected to be at lower levels due to more directive illumination pattern of light source. There have been some earlier attempts on the investigation of FD relaying in the context of VLC systems. Particularly, the works in [4] and [5] consider relaying scenarios where ceiling lights arranged in linear and triangular topologies help each other through multi-hop transmission. The underlying channel models therein are however oversimplified; only the line-of-sight (LOS) component between the transmitter and receiver is considered and multipath components are ignored. Furthermore, these works are based on the assumption of single-carrier architecture and use simple pulse modulation techniques.
VLC channel is of multipath nature and targeting data rates on the order of multiple Gbits/sec over a multipath channel with typical delay spreads of nanoseconds requires to deal with severe inter-symbol-interference (ISI) [7] . This can be mitigated either through the use of time-domain equalization in single-carrier systems or multi-carrier communication techniques, particularly in the form of orthogonal frequency division multiplexing (OFDM). The powerful combination of relayassisted transmission and OFDM has been first investigated in [8] , later in [9] . Based on the use of HD relaying, it has been shown that significant performance gains can be obtained via cooperation compared to direct transmission. Those gains however vanish, as the modulation size gets larger, due to the fact that HD relaying uses additional time slots for relaying phase, effectively decreasing spectral efficiency. FD relaying has the potential to improve the spectral efficiency, but, to the best of our knowledge, has not yet been explored in multi-carrier VLC systems.
To fill this research gap, we investigate an OFDM-based VLC system with FD relaying. We first develop a realistic indoor VLC channel model and present the channel impulse response (CIR) for loop interference channel, i.e., from relay transmitter to relay receiver. Based on this channel model, we evaluate the bit error rate (BER) performance of OFDM VLC systems with FD relaying and compare its performance with both direct transmission (i.e., no relaying) and HD relaying. Our results reveal that FD relaying significantly outperforms HD relaying and becomes the obvious choice for high modulation orders.
The remainder of the paper is organized as follows. In Section 2, we describe the full duplex VLC relay model with loop interference. In Section 3, we present our overall system model. In Section 4, we present analytical BER calculations followed by numerical results in Section 5. We finally conclude in Section 6.
Notation: (.) * , [.] T and ⊗ respectively denote complex conjugation, transpose and linear convolution operations. δ(t) is the impulse function, and erfc(.) is the complementary Gauss error function. (FT) and N −point discrete Fourier transform (DFT), respectively.
Full Duplex VLC Relaying Terminal Model With Loop Interference
The IEEE has established the standardization group 802.15.7r1 "Short Range Optical Wireless Communications" which is currently in the process of developing a standard for VLC. As a part of ongoing standardization work, reference channel models were proposed by the IEEE 802.15.7r1 Task Group for evaluation of VLC system proposals. These were developed for typical indoor environments including home, office and manufacturing cells [2] , [10] , [11] . One specific scenario, Scenario 2 of [2] , is useful for the performance evaluation of relay-assisted VLC systems where an office room with two light sources, is considered and optical CIRs for source-to-destination (S→D), source-to-relay (S→R), and relay-to-destination (R→D) are presented. Furthermore, the channel modeling methodology adopted in [2] incorporates the presence of objects (e.g., furniture, human body, etc) and wavelength-dependent reflection characteristics of surface materials (e.g., ceilings, floor, walls, furniture, clothes of human beings, etc). It should be however noted that a loop interference channel model (i.e., relay transmitter to relay receiver) is not available within [2] . Here, we consider the same specifications of Scenario 2 [2] and obtain the CIR associated with loop interference channel. As illustrated in Fig. 1(a) , an office room with dimensions of 5 m × 5 m × 3 m is considered. The ceiling light is connected to the data backbone and serves as the source terminal. The desk light has no access to the data backbone and serves as the relay terminal. The destination terminal is connected to a laptop which is placed on the desk. The receiver unit of the destination terminal is on the desk next to the laptop, see PD1 in Fig. 1(b) . This might, for example, take the form of a USB-type device connected to laptop. The receiver unit of the relay terminal is on the top of desk light with 45
• rotation towards the source on the ceiling, see PD2 in Fig. 1(b) . Other specifications considered in the simulation are summarized in Table 1 . Optical CIRs for S→D, S→R and R→D, i.e., c SD (t), c SR (t) and c RD (t), can be found in [11] and presented in Fig. 2 for the completeness of presentation. Adopting the channel modelling approach in [7] based on non-sequential ray tracing, we obtain the CIR for loop interference channel, i.e., from desk light's LED to its own photodetector (PD). This is denoted as c RR (t) and presented as Fig. 2(d) . It is observed that the delay spread of loop interference channel (R→R) is higher than those in S→D, S→R, and R→D channels while its power level is significantly lower. Mathematically speaking, the DC gains of S→D, S→R, and R→D channels are respectively 2.82 × 10 −6 , 7.14 × 10 −6 , and 1.31×10 −4 . This reduces to 5.26 × 10 −7 for the R→R channel. In addition to the multipath propagation environment, the low-pass filter characteristics of LED sources should be further considered. The frequency response of LED is assumed to be [12] 
where f cut−off is the LED 3-dB cut-off frequency. The effective CIRs that take into account both multipath propagation and the LED characteristics can be then expressed as c SD−eff 
Assume f cut−off = 20 MHz. The corresponding effective CIRs are provided in Fig. 3 . It is observed that LED characteristics are the major source for frequencyselectivity.
Inspired from the interference model developed in [13] for RF systems, the mathematical model of an FD VLC relay terminal with the use of amplify-and-forward (AF) relaying is depicted in Fig. 4 . In FD relay-assisted transmission under consideration, the relay terminal receives the information from the source and forwards it to the destination after amplification/scaling process (with G A denoting the amplification gain). An amount of processing delay (denoted as T P ) is introduced as a result of optical-to-electrical conversion, electrical-to-optical conversion and amplification in the terminal. The loop interference channel acts as a feedback link in this model. Let P denote the total electrical power budget (i.e., shared by source and relay terminals). The optimization parameter K P defines the fraction of the total electrical information power to be shared between the source and relay terminals. The average transmitted powers from the source and the relay are then respectively defined as P S,TX = PK P and P R,TX = P (1 − K P ). The average power of received signal at the relay terminal can be written as
where r is the responsivity of PD and V R (t) denotes the additive white Gaussian noise (AWGN) term with zero mean and variance of σ 2 V . The first term in (2) represents the power of received signal from source terminal while the second term corresponds to the power of received signal due to loop interference.
The impulse responses of the FD relay terminal separately for signal and noise inputs (see Fig. 4 ) are given by
where
. As a result of the positive feedback due to the c RR−eff (t), the impulse responses given by (3) and (4) have infinite length. In practice, they decay to negligible values and can be truncated.
System Model
Our system model builds upon direct current biased optical OFDM (DCO-OFDM). At the source terminal, the bit streams are first mapped to complex-valued modulation symbols s 1 s 2 ... s N /2−1 , where N is the number of subcarriers. Phase shift keying (PSK) or quadrature amplitude modulation (QAM) can be used as modulation schemes. To ensure that the output of inverse DFT (IDFT) is real-valued, Hermitian symmetry is imposed which yields
The output of IDFT can be written as
where X [k] is the kth element of X. Letx[n], n = 0, 1, ..., N + N CP − 1 denote the resulting signal after the cyclic prefix (CP) with a length of N CP is appended. Hence, the continuous time domain waveform that drives the LED is given by
where g T (t) is the transmit pulse shape filter and B D C is the DC bias voltage which is added to shift the signal into dynamic range of LED [14] , [15] . The emitted signal from the source terminal propagates through S→D and S→R→D channels and arrives at the destination. Based on (3) and (4), the end-to-end CIRs that include both S→D and S→R→D links can be written for the information signal and the noise respectively as
h noise (t) = h R,noise (t) ⊗ c RD (t).
Let g R (t) denote the receive pulse shape filter matched to g T (t). After matched filtering, the received electrical signal at the destination is written as
where v D (t) is AWGN term with zero mean and variance of σ 2 V . Let h signal [n] denote the sampled version of h signal (t) = g T (t) ⊗h signal (t) ⊗ g R (t) which can be expressed as
where τ 0 is the offset term introduced for synchronization purposes. In practice, it can be calculated as
The corresponding frequency domain signal at the kth subcarrier is then given by
The decision is based on the Maximum Likelihood (ML) rule which can be written aŝ
where denotes the constellation points of deployed modulation.
BER Performance
Average BER for an OFDM system can be calculated by
In (15) Based on (14), SNR per subcarrier can be written as
As benchmarks, we also consider the performance of direct transmission and HD relaying. The associated SNRs can be written as [8] SNR Direct 
The BER performance can be further improved through the proper choice of K P , i.e., optimal power allocation between the terminals. K P controls the fraction of the total electrical information energy (i.e., AC energy) to be shared between the source and relay terminals. This allocation does not affect the brightness level of the terminals since the average amplitude of the information waveforms in both terminals is still B D C [17] . Due to the negative exponential dependency, minimization of the BER per subcarrier becomes equivalent to the maximization of SNR in (17) . In order to minimize BER given by (15), we conduct brute-force search and obtain K P values provided in Table 2 . It is observed that the optimum K P is 0.8019 for P = 0 dBm. In other words, about 80% of the AC power should be allocated to the source terminal while the relay terminal consumes approximately 20% of the total power for BER optimization. For P = 10 dBm, the optimum value of K P becomes 0.9306, indicating that the source terminal should now consume about 93% of the total AC power budget.
Numerical Results
In this section, we present the BER performance of the FD relaying and compare it with direct transmission and HD relaying under both optimum power allocation (OPA) and equal power allocation (EPA). In EPA, total available power is shared equally between the source and relay terminals, i.e., K P = 0.5. In OPA, optimized values of K P in Table 2 are used. The CIRs used in the simulation study are already presented in Fig. 3 . Other system parameters are given in Table 3 . As discussed in Section 2, the impulse responses of the FD relay terminal for signal and noise terms, given by (3) and (4), have infinite length as a result of the positive feedback. However, the impact of the loop channel degrades drastically and we truncate (3) and (4) where the gains drop 100 dB below their peak values.
In Fig. 5 , 2-PSK is used for both direct and FD relaying. In order to maintain an equal throughput for a fair comparison, 4-QAM is used for HD relaying that requires two phase transmission. Therefore, all three schemes achieve a throughput of 1 bit/sec/Hz. EPA is assumed, i.e., K P = 0.5. It is observed from Fig. 5 that HD relaying slightly outperforms FD relaying while both relaying techniques significantly outperform direct transmission. In Fig. 5 , we also include the performance of relaying schemes that achieve a throughput rate of 2 bits/sec/Hz, i.e., 4-QAM and 16-QAM respectively for FD and HD relaying. It is observed that when the modulation size increases, FD relaying is able to outperform HD counterpart. Specifically, at a BER of 10 −3 , a performance improvement of 3.9 dB is obtained. It is also observed that the performance gain over direct transmission is 5.7 dB. Monte-Carlo simulation results are further included in these figures (shown by markers) and provide a perfect match with theoretical BER results. Benefits of FD relaying over HD relaying become more obvious with the further increase in modulation sizes. In Fig. 6 , EPA is assumed and throughput rates of 3 and 4 bits/sec/Hz are targeted. 8-QAM and 16-QAM are used for FD relaying while 64-QAM and 256-QAM are used for HD relaying, respectively. It is observed that the improvement of HD relaying over direct transmission is negligible while FD relaying is able to outperform direct transmission with a gain of 5.7 dB at the throughput rate of 3 bits/sec/Hz. Finally, when a throughput rate of 4 bit/sec/Hz is considered, it is observed that HD relaying performs worse than the direct transmission whereas FD relaying maintains the same gain.
In Fig. 7 , we illustrate the improvement in BER performance through OPA. At the throughput of 1 bit/sec/Hz, the performance gain in HD relaying with OPA over EPA is 1.7 dB. This gain remains the same for the throughput of 2 bits/sec. It is observed that FD relaying benefits more from OPA. Performance improvements through OPA are 1.7 dB and 2.2 dB respectively at throughput of 1 bit/sec/Hz and 2 bits/sec/Hz.
In the previous simulation results, we set the process delay (T P ) as 50 nsec. In the following, we investigate how processing delay at HD relay terminal affects the overall performance. 4-QAM is deployed. As observed from Fig. 8 , the best performance result is obviously achieved when there is no processing delay at the relay terminal (i.e., T P = 0). This is because the signals received from source and relay terminals overlap and boost the total received power at the destination terminal as a consequence of minimization of channel delay spread caused by the FD relays. When a delay with an amount of 50 nsec is introduced, a very slight performance degradation (around 0.01 dB) is observed. This increases to approximately 0.3 dB for 500 nsec process delay.
Conclusion
In this work, we have investigated the performance of FD relaying in VLC systems. First, we have proposed a loop interference channel using ray tracing simulations. Due to the relatively directive propagation characteristic of light, the loop interference is found to be low which allows implementation of FD relaying in practice for VLC systems without any additional complexity. Our performance evaluations have clearly demonstrated the superiority of FD relaying over HD counterpart particularly for large modulation sizes. For smaller modulation sizes, HD relaying slightly outperforms FD relaying while both relaying techniques significantly outperform direct transmission. As the modulation size gets larger, the improvement of HD relaying over direct transmission is negligible while FD relaying significantly outperforms direct transmission. For the modulation sizes under consideration, performance gains up to 5.7 dB are observed for HD relaying. We have also shown that additional performance improvements are possible through optimal power allocation among source and relay terminals.
